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ABSTRACT HIV-1 Vpu is known to alter the expression of numerous cell surface
molecules. Given the ever-increasing list of Vpu targets identified to date, we under-
took a proteomic screen to discover novel cell membrane proteins modulated by
this viral protein. Plasma membrane proteome isolates from Vpu-inducible T cells
were subjected to stable isotope labeling of amino acids in cell culture (SILAC)-
based mass spectrometry analysis, and putative targets were validated by infection
of primary CD4* T cells. We report here that while intercellular adhesion molecule 1
(ICAM-1) and ICAM-3 are upregulated by HIV-1 infection, expression of Vpu offsets
this increase by downregulating these molecules from the cell surface. Specifically,
we show that Vpu is sufficient to downregulate and deplete ICAM-1 in a manner re-
quiring the Vpu transmembrane domain and a dual-serine (552/556) motif necessary
for recruitment of the beta-transducin repeat-containing E3 ubiquitin protein ligase
(B-TrCP) component of the Skp, Cullin, F-box (SCFATrP) E3 ubiquitin ligase. Vpu in-
teracts with ICAM-1 to induce its proteasomal degradation. Interestingly, the E3
ubiquitin ligase component B-TrCP-1 is dispensable for ICAM-1 surface downregula-
tion yet is necessary for ICAM-1 degradation. Functionally, Vpu-mediated ICAM-1
downregulation lowers packaging of this adhesion molecule into virions, resulting in
decreased infectivity. Importantly, while Vpu-mediated downregulation of ICAM-3
has a limited effect on the conjugation of NK cells to HIV-1-infected CD4*+ T cells,
downregulation of ICAM-1 by Vpu results in a reduced ability of NK cells to bind
and kill infected T cells. Vpu-mediated ICAM-1 downregulation may therefore repre-
sent an evolutionary compromise in viral fitness by impeding the formation of cell-
to-cell contacts between immune cells and infected T cells at the cost of decreased
virion infectivity.

IMPORTANCE The major barrier to eradicating HIV-1 infection is the establishment
of treatment-resistant reservoirs early in infection. Vpu-mediated ICAM-1 downregu-
lation may contribute to the evasion of cell-mediated immunity during acute infec-
tion to promote viral dissemination and the development of viral reservoirs. By aid-
ing the immune system to clear infection prior to the development of reservoirs,
novel treatments designed to disrupt Vpu-mediated ICAM-1 downregulation may be
beneficial during acute infection or as a prophylactic treatment.

KEYWORDS ICAM-1, NK cell-mediated killing, Vpu, human immunodeficiency virus,
immune evasion, immunological synapse, viral infectivity

he vpu gene is found exclusively in human immunodeficiency virus type 1 (HIV-1)
and several closely related simian immunodeficiency viruses (SIV) and codes for a
16- to 17-kDa nonstructural protein (1, 2). Although Vpu is not strictly required for virus
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replication in vitro, empirical observations suggest that it is absolutely required at early
stages of infection in vivo. All transmitter/founder (T/F) HIV-1 strains contain a func-
tionally competent vpu coding sequence (3), and humanized mouse models have
demonstrated the contribution of Vpu to early viral dissemination after infection (4, 5).

The HIV-1 Vpu protein is comprised of a short luminal domain, a single-pass a-helical
transmembrane domain (TMD), and an approximately 56-amino-acid (aa) cytoplasmic
tail comprised of two alpha-helices flanking an unstructured linker region. Two serine
residues at aa 52 and 56 (S52/S56) are phosphorylated by cellular casein kinase II,
resulting in recruitment of the beta-transducin repeat-containing E3 ubiquitin protein
ligase (B-TrCP) component of the Skp, Cullin, F-box (SCFF-T<P) E3 ubiquitin ligase
complex (6).

Vpu promotes evasion from various intrinsic, innate, and adaptive immune re-
sponses by modulating the expression of specific host plasma membrane (PM) proteins
(7). By far the best-studied targets of Vpu are the HIV-1 primary receptor CD4 (8) and
the host restriction factor BST2/tetherin (9, 10). Vpu targets CD4 in the endoplasmic
reticulum (ER) via interactions that involve its TMD and the membrane-proximal
cytoplasmic alpha-helix domain, leading to SCFA-T"“P-mediated CD4 ubiquitination and
degradation through the ER-associated protein degradation (ERAD) pathway (6, 8). CD4
downregulation is thought to prevent superinfection (11) and to promote release of
infectious particles by limiting gp120/CD4 binding within the cell (prior to virion
assembly) (12) and at the PM (13). Most importantly, premature gp120/CD4 inter-
actions within virus-producing cells cause the unmasking of epitopes within gp120,
resulting in increased vulnerability to antibody-dependent cell-mediated cytotox-
icity (ADCC) (14, 15).

Vpu also counteracts BST2, an antiviral host restriction factor that strongly inhibits
the release of HIV-1 and other enveloped viruses, by linking budding virions at the
surface of infected cells (9, 10). Vpu targets both recycling and newly synthesized BST2
in the trans-Golgi network (TGN) through its TMD and removes the restriction factor
from sites of virus budding via lateral displacement, intracellular sequestration, and
degradation mechanisms that are dependent on the phosphorylation of the S52/556
motif and recruitment of B-TrCP (16-18). Unlike CD4, BST2 degradation is not abso-
lutely required for Vpu-mediated surface downregulation (19).

In recent years, a plethora of novel targets of Vpu have been discovered (reviewed
in reference 7). They include immunoreceptors, such as human leukocyte antigen C
(HLA-C) (20), NK-T-B antigen (NTB-A) (21), CD1d (22), and poliovirus receptor (PVR) (23);
homing molecules, like CCR7 (24) and CD62L (25); sodium-coupled neutral amino acid
transporter 1 (SNATT) (26); and numerous members of the tetraspanin family (27).
These downregulations lead to a wide array of immunomodulatory effects, including
immune evasion and metabolic dysfunction. Interestingly, Vpu does not seem to
employ redundant mechanisms to downregulate these proteins, but instead appears to
act on its assorted targets at different locations within the vesicular system through
various means, including intracellular sequestration and/or degradation.

Given the ever-increasing number of proteins shown to be downregulated by Vpu,
we sought to identify new cell surface targets of this molecule by employing an
unbiased methodology. To accomplish this, the PM proteomes from T cells either
expressing Vpu or not were compared using stable isotope labeling of amino acids in
cell culture (SILAC)-based mass spectrometry (MS). A similar methodology has previ-
ously been employed successfully by another group (26). In addition to corroborating
several putative targets identified in the previous work, here, we identify intercellular
adhesion molecule 1 (ICAM-1) and ICAM-3 as host membrane proteins downmodulated
by Vpu in HIV-1-infected primary CD4™ T cells. More specifically, we show that ICAM-1
mRNA expression is upregulated in HIV-1-infected cells, while Vpu counterbalances this
effect by downregulating ICAM-1 protein from the cell surface. We demonstrate that
Vpu interacts with ICAM-1 through its TMD and induces both ICAM-1 cell surface
downregulation and proteasomal degradation via its dual-serine motif. We further
show that Vpu-mediated ICAM-1 degradation relies on the recruitment of B-TrCP-1.
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FIG 1 Identification of putative membrane-associated proteins targeted by HIV-1 Vpu. (A to C) Jurkat cells expressing a VpuGFP chimeric
protein under the control of a Dox-inducible promoter (Jurkat™®RVpuGFP) were characterized for VpuGFP expression and activity.
Jurkat™®RVpuGFP cells were left untreated (Dox~) or treated with Dox (Dox*) for 36 h and then analyzed for VpuGFP expression by
Western blotting (A, left) and flow cytometry (A, right), for CD4 expression by Western blotting (B), and for surface BST2 expression by
flow cytometry (C). (D) Plasma membranes were isolated as described in Materials and Methods. Dox* and Dox~ Jurkat™®VpuGFP PM
isolates and whole-cell lysates were separated by SDS-PAGE and analyzed for the indicated proteins by Western blotting. (E) Dox*/~
Jurkat™®RVpuGFP PM isolates were analyzed by SILAC-based MS as described in Materials and Methods. The graph shows the ratio of
identified heavy-labeled proteins to light-labeled proteins (H:L) when VpuGFP was induced in heavy-labeled cells (x axis; n = 3) and the
ratio of identified light-labeled proteins to heavy-labeled proteins (L:H) when VpuGFP was induced in light-labeled cells (y axis; n = 3).

The coordinates of the BST2 data point exceeded the limits of the graph.

Lastly, we provide evidence that downregulation of ICAM-1 by Vpu results in the
decreased formation of conjugates between infected CD4* T and NK cells and reduced
NK cell-mediated killing. This immune evasion mechanism may come at the cost of
lowered virus infectivity.

RESULTS

SILAC mass spectrometry-based identification of novel targets of HIV-1 Vpu.
Given the growing number of surface proteins known to be targeted by HIV-1 Vpu, we
sought to identify novel targets of this protein. To do this, a Jurkat cell line was
generated expressing HIV-1 Vpu protein fused at the C terminus to green fluorescent
protein (GFP) (VpuGFP) under the control of a doxycycline (Dox)-inducible promoter
(Jurkat™®RVpuGFP). When treated with Dox, this cell line was shown by flow cytometry
to express GFP and to produce an approximately 42-kDa fusion protein detectable by
Western blotting using anti-GFP antibodies (Abs) (Fig. 1A). Furthermore, Dox treatment
led to CD4 downregulation, as measured by Western blotting, and BST2 downregula-
tion, as measured by flow cytometry (Fig. 1B and C), indicating that Dox-induced
VpuGFP is biologically active.

Once validated, Jurkat™®RVpuGFP cells were treated or not with Dox for 36 h, and
PMs were isolated using a cationic silica-based technique (28). Briefly, cells were coated
with positively charged colloidal silica beads, followed by polymerization with acrylic
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acid. This treatment provides both structural integrity and mass to the PM, allowing it
to be isolated by density gradient centrifugation. The quality and purity of isolated PM
proteomes were verified by Western blotting of various membrane and nonmembrane
proteins (Fig. 1D). To quantify membrane proteins in the presence or absence of
VpuGFP, SILAC (29) was carried out on PM isolates with VpuGFP expression induced (via
Dox treatment) in either light- or heavy-amino-acid-labeled cells, as described in
Materials and Methods. Proteome samples were then analyzed by LTQ Orbitrap XL
tandem MS (MS-MS), and MaxQuant computer software was used to quantify the
relative levels of identified proteins expressed as the ratio of heavy-labeled to light-
labeled proteins (H:L). Experiments were carried out three times, with Vpu expression
induced in the light-labeled cell cultures and three times with Vpu expression induced
in heavy-labeled cultures. As false H:L values resulting from environmental contami-
nants or computer errors remain consistent even when experimental labels are in-
verted, this methodology allowed the exclusion of these confounding factors. Identified
proteins were scored according to the degree of modulation, with H:L values of 1.25
and 0.75 set as cutoff thresholds for protein dysregulation. BST2 was found to be the
target most downregulated by HIV-1 Vpu, validating our methodology. In contrast, the
other canonical target of Vpu, CD4, was not detected by the methodology. This is likely
the result of the very low surface CD4 expression found on the Jurkat E6.1 parental cells
used to generate the Jurkat™®VpuGFP cell line (30, 31). A list of putative targets was
generated based on their potential impacts on immunological functions and/or con-
tributions to HIV-1 pathogenesis (Fig. 1E; see Table S1 in the supplemental material).
Several of these targets have been independently validated as downregulated by HIV-1
in a recent publication (26).

HIV-1 Vpu prevents the upregulation of ICAM-1 and ICAM-3 to the surface of
primary CD4+ T cells. ICAM-2 and ICAM-3 were both identified as putative candidates
for Vpu-mediated surface downregulation (Fig. 1E; see Table S1 in the supplemental
material). To validate our SILAC screening assay in a physiologically relevant context, we
investigated the effect of HIV-1 Vpu on ICAM-3 expression in HIV-1-infected primary
CD4* T cells. ICAM-1 expression was also investigated, as this molecule has already
been implicated in numerous aspects of HIV infection and shares considerable func-
tional redundancy with ICAM-2 and -3, including a common integrin binding partner,
lymphocyte function-associated antigen 1 (LFA-1) (32). Furthermore, Jurkat cells ex-
press extremely low levels of ICAM-1 (33, 34), and it is likely that ICAM-1 expression is
below the limit of detection by MS-MS. ICAM-2 was excluded from further analysis as,
although it is expressed at relatively high levels on the Jurkat T cells used in our
SILAC-based screen, it is generally considered more important for endothelial cell
function (32, 33).

Primary CD4* T cells were infected with GFP-marked NL4.3 HIV-1 expressing wild-
type (WT) Vpu or isogenic variants expressing either Vpu mutants lacking the conserved
B-TrCP-recruiting $52/S56 motif (S52/S56D Vpu) or a triple-alanine motif within the
TMD involved in BST2 interaction (35) (A10/A14/A18L Vpu), or lacking Vpu (AVpu).
Surface expression of ICAM-1 and ICAM-3 was measured on infected cells by flow
cytometry 48 h later. The expression of CD45 and BST2 was analyzed in parallel as
negative and positive controls, respectively. WT HIV-1 infection resulted in a slight
upregulation of ICAM-1 and ICAM-3 on the surface of infected cells. In comparison, cells
infected with AVpu HIV-1 displayed a much larger increase in the expression of these
ICAMs (Fig. 2). Therefore, although HIV-1 upregulates the surface expression of ICAMs
on infected cells, this upregulation appears to be attenuated in a Vpu-dependent
manner. Vpu-mediated dampening of ICAM upregulation is dependent on both the
S52/556 motif and to a lesser extent the A10, A14, and A18 residues found within the TMD,
as disruption of these motifs prevents or limits this effect, respectively (Fig. 2). The effect of
Vpu was more pronounced for ICAM-1 than for ICAM-3 in infected primary CD4" T cells.
Given this, along with the numerous well-described roles of ICAM-1 in HIV-1 infection, we
decided to focus our mechanistic investigations on ICAM-1.
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FIG 2 Vpu prevents ICAM-1 and ICAM-3 upregulation on the surface of primary CD4* T cells by a process that
depends on its TMD and dual-serine motif. Primary human CD4* T cells were infected with GFP-marked NL4.3 HIV-1
either lacking Vpu (AVpu) or expressing wild-type Vpu (WT), Vpu lacking the dual-serine motif (552D,56D), or Vpu
lacking the TMD alanine face (A10,14,18L). Forty-eight hours postinfection, surface expression of ICAM-1, ICAM-3,
CDA45, and BST2 was measured on GFP* cells by flow cytometry. (A) Representative histograms. (B) Compiled data
expressed as the mean fluorescence intensity (MFI) of GFP* cells normalized to the MFI of mock-infected controls
(n = 4). The error bars represent standard errors of the mean (SEM). *, P = 0.05; **, P = 0.01; ***, P = 0.005; N.S.,
nonsignificant.

ICAM-1 is transcriptionally upregulated by HIV-1 infection, while ICAM-1 pro-
tein is reduced in the presence of Vpu. ICAM-1 is upregulated in response to
numerous infections, including HIV-1 (36, 37). We therefore asked if the attenuation of
ICAM-1 protein upregulation mediated by Vpu is a result of transcriptional repression.
To investigate this, HelLa cells were infected for 48 h with vesicular stomatitis virus
glycoprotein G (VSV-G)-pseudotyped GFP-marked WT or AVpu NL4.3 HIV-1. ICAM-1
protein expression was then assessed by Western blotting, and mRNA levels were
measured by reverse transcription-quantitative PCR (RT-qPCR). Levels of infection were
comparable for WT and AVpu HIV-1, as indicated by the percentages of cells expressing
GFP (Fig. 3A). HIV-1 infection resulted in an approximately 7.2-fold increase in ICAM-1
transcripts compared to uninfected controls (Fig. 3B), with no difference in transcript
levels observed between WT and AVpu HIV-1 infections. As reported previously (38),
Vpu also had no effect on BST2 transcript levels.

In contrast to transcripts, whole-cell protein levels of ICAM-1 were differentially
increased by infection, depending on the presence or absence of Vpu (Fig. 3C and D),
with ICAM-1 expression in AVpu-infected cells producing 2-fold more protein than their
Vpu-competent counterparts. This effect did not result from a generalized repression of
membrane-associated protein levels, since transferrin receptor (TfR) protein expression
was not affected by the presence of Vpu (Fig. 3C and D). The discrepancy between
ICAM-1 transcript and protein regulation suggests that this molecule is upregulated
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FIG 3 ICAM-1 is upregulated at the transcriptional level in response to HIV-1 infection and downregu-
lated posttranscriptionally by Vpu. Hela cells were infected with VSV-G-pseudotyped GFP-marked
wild-type NL4.3 HIV-1 (WT) or HIV-1 lacking Vpu (AVpu) for 48 h (n = 3). (A) The percentage of cells
expressing GFP was monitored by flow cytometry. (B) ICAM-1 and BST2 mRNA levels in infected cells
were measured by RT-qPCR, with gapdh used as a reference gene. (C and D) Whole-cell lysates were
analyzed for the indicated proteins by Western blotting. (C) Representative blots. (D) Compiled densi-
tometric analysis of ICAM-1 and TfR normalized to actin and expressed relative to mock-infected controls
(n = 3). The error bars represent SEM. ***, P < 0.005; N.S., nonsignificant.

transcriptionally as a result of HIV-1 infection while being downregulated in parallel at
a posttranscriptional level through a Vpu-dependent process.

HIV-1 Vpu is sufficient to deplete ICAM-1. We next asked if Vpu alone is sufficient
to decrease whole-cell ICAM-1 levels. To this end, HelLa cells were transfected with
plasmids expressing either WT or mutant NL4.3 Vpu or an empty-vector control, and
then surface and whole-cell ICAM-1 expression was analyzed 24 h later by flow
cytometry and Western blotting, respectively. Both surface and whole-cell ICAM-1
expression was downregulated by WT Vpu but unaffected by a dual-serine-motif Vpu
mutant (VpuS52/S56N) or by a mutant of Vpu that harbors a randomized TMD (VpuRD)
(Fig. 4A to D). In contrast, TfR protein levels were unaltered by Vpu expression. Vpu is
therefore sufficient to downregulate surface and whole-cell endogenous ICAM-1.

To confirm that Vpu-mediated ICAM-1 downregulation is a feature conserved
among primary Vpu variants, experiments were repeated using various primary Vpu
isolates (Fig. 4E shows Vpu sequence alignments). First, we infected primary CD4* T
cells and measured ICAM-1 surface expression, as shown in Fig. 2, using a chimeric
NL4.3 virus expressing Vpu from the primary ADA isolate (ADA-NL4.3). Infection with
AVpu ADA-NL4.3 resulted in a >4-fold increase in surface ICAM-1 expression relative to
the mock-infected control, while Vpu-competent ADA-NL4.3 infection increased ICAM-1
surface expression by only approximately 2-fold (Fig. 4F).
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FIG 4 Vpu is sufficient to deplete endogenous ICAM-1 in a TMD- and dual-serine-motif-dependent manner. Hela cells
were transfected to express wild-type NL4.3 Vpu (pVpuWT), a mutant Vpu lacking the dual-serine motif (pVpuS52,56N),
a mutant Vpu containing a randomized TMD (pVpuRD), or an empty-vector control (pEmpty) for 24 h. (A and B) Surface
expression of ICAM-1 was measured by flow cytometry. (A) Representative histograms of surface ICAM-1 expression.
(B) Compiled data expressed as the MFI of GFP* cells normalized to pEmpty transfections (n = 3). (C and D) Whole-cell
lysates were analyzed for the indicated proteins by Western blotting. (C) Representative blots. (D) Compiled densito-
metric analysis of ICAM-1 and TfR blots normalized to GAPDH and expressed relative to pEmpty controls (n = 2). (E)
Sequence alignment of all Vpu variants tested for ICAM-1 downregulation. Structural domains are indicated
above, with NL4.3 used as a consensus sequence. The arrows indicate alanine residues involved in BST2 binding.
The circles indicate serine phosphorylation sites required for B-TrCP binding. (F) Primary human CD4+* T cells were
infected with GFP-marked WT HIV-1 or HIV-1 lacking Vpu (AVpu) from the ADA-NL4.3 chimeric virus expressing
ADA Vpu from an NL4.3 backbone (ADA Vpu). Surface expression of ICAM-1 was measured by flow cytometry (n =
5). The data are expressed as the MFI of GFP* cells relative to the MFI of mock-infected controls. (G and H) Hela
cells were transfected with GFP-marked plasmids expressing WT NL4.3 Vpu (pVpuNL4.3), Vpu variants from clade
B or C HIV-1 primary isolates (pVpu-B [JR-CSF] or pVpu-C [KE.00], respectively), or an empty-vector control
expressing GFP alone (pEmpty) for 24 h. (G) Surface expression of ICAM-1 and BST2 was measured by flow
cytometry (n = 3). The data are expressed as the MFI of GFP* cells relative to the MFI of GFP* cells from pEmpty
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In contrast to many primary isolates and T/F Vpu variants, NL4.3 Vpu has recently
been shown to be unable to downregulate HLA-C from the surface of infected primary
CD4™" T cells (20), and it has been stressed that NL4.3 Vpu may not accurately reflect
many primary HIV-1 Vpu variants with regard to certain functions. To investigate
whether primary Vpu variants are also sufficient to downregulate ICAM-1 protein, HelLa
transfection experiments were repeated using plasmids coexpressing GFP with AU1-
tagged primary Vpu variants from either clade B (JR-CSF) or clade C (KE.00) group M
HIV-1 (39). Similar to transfection with laboratory-adapted NL4.3 Vpu, transfection with
Vpu from primary B clade or C clade isolates resulted in decreased ICAM-1 surface and
whole-cell protein expression (Fig. 4G to H). Similar decreases in ICAM-1 expression
were also observed in Hela cells upon transfection with primary T/F Vpu variants
capable of downregulating surface HLA-C expression (reference 20 and data not
shown). Taken together, our results demonstrate that Vpu-mediated ICAM-1 down-
regulation is an activity conserved among primary Vpu variants.

Vpu interacts with ICAM-1 and targets it for proteasomal degradation. We
questioned whether Vpu might physically associate with ICAM-1 to induce its deple-
tion. Hela cells were infected with VSV-G-pseudotyped GFP-marked WT; AVpu; or
A10/A14/A18L Vpu NL4.3 HIV-1 for 48 h before ICAM-1 was immunoprecipitated and
the immunoprecipitates were analyzed for the presence of Vpu by Western blotting. In
this system, WT Vpu was detected in immunoprecipitates of ICAM-1, whereas the TMD
mutant A10/A14/A18L Vpu was not, despite greater ICAM-1 pulldown in A10/A14/A18L
Vpu NL4.3-infected samples (Fig. 5A). In agreement with this, input control lanes
demonstrated that A10/A14/A18L Vpu does not deplete ICAM-1 in infected Hela cells.
These results indicate that ICAM-1 is able to associate specifically with HIV-1 Vpu and
suggest that this interaction occurs via the TMD of Vpu.

We next sought to determine whether Vpu accelerates ICAM-1 protein turnover by
either the proteasomal or lysosomal route. To this end, the stability of ICAM-1 protein
in the presence or absence of Vpu was investigated by pulse-chase analysis. Hela cells
were transfected with either Vpu-expressing or control plasmids for 22 h; starved for 45
min in cysteine- and methionine-free medium in the presence or absence of either the
proteasome inhibitor MG132 or concanamycin A (CMA), an H* ATPase inhibitor that
prevents lysosomal acidification; and then pulse-labeled with 3>S-labeled amino acids
for 1 h before initiating a chase, as indicated (Fig. 5B and C). Two forms of ICAM-1 are
detectable by pulse-chase analysis: a lower-molecular-mass form (~65 kDa) represent-
ing an immature hypoglycosylated ICAM-1 variant, and a higher-molecular-mass form
(~90 kDa) representing the mature protein found at the cell surface (40).

In the absence of inhibitors, HelLa cells transfected with control plasmids showed
increased expression of the mature form of ICAM-1 over the first hour of chase with no
significant change in the expression of the immature form (Fig. 5B and C, top). Over the
following 3 h, immature ICAM-1 levels decreased to about 50% of their original value,
while the quantity of mature ICAM-1 remained higher than that seen at the initiation
of the chase (time zero). Taken together, these data suggest that endogenous ICAM-1
continues to transition from its ER-localized immature form to its surface-bound mature
form over the 4 h of the chase experiment. In contrast, the presence of Vpu resulted in
no appreciable increase in the mature form of ICAM-1 over the 4-h chase period and
induced an accelerated loss of immature ICAM-1 protein compared to controls (Fig. 5B
and C, top). Vpu therefore appears to accelerate the loss of ICAM-1 at the protein level,
preferentially acting upon the immature form of ICAM-1 and causing a decrease in
mature ICAM-1 levels by proxy. Treatment of cells with MG132 prevented the Vpu-
mediated accelerated loss of both mature and immature ICAM-1 (Fig. 5B and C, middle).
In contrast, treatment of cells with CMA did not significantly alter the effects of Vpu on

FIG 4 Legend (Continued)

transfections. (H) Whole-cell lysates were separated by SDS-PAGE and analyzed for the indicated proteins by
Western blotting. A representative of 3 experiments is shown. The error bars represent SEM. *, P =< 0.05; ***, P =

0.005.
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FIG 5 Vpu interacts with ICAM-1 and induces its turnover in a proteasome-dependent manner. (A) Hela cells were infected with
VSV-G-pseudotyped GFP-marked wild-type (WT); Vpu-deficient (AVpu); or A10/A14/A18L Vpu (A10,14,18L) NL4.3 HIV-1 for 48 h prior
to cell lysis and immunoprecipitation (IP) using anti-ICAM-1 Abs. The immunoprecipitates were analyzed for the indicated proteins by
Western blotting. (B and C) HeLa cells were transfected to express wild-type NL4.3 Vpu (pVpu) or an empty-vector control (pEmpty)
for 22 h. The cells were then pulse-labeled with 35S-labeled amino acids for 1 h and chased for the indicated times in the presence
or absence of MG132 or CMA. Whole-cell lysates were immunoprecipitated with anti-ICAM-1 Abs. (B) Representative phosphorimages.
The bands of interest are indicated. DMSO, dimethyl sulfoxide. (C) Relative quantification using quantitative scanning of ICAM-1 bands.
The relative amount of ICAM-1 remaining over time compared to time zero is plotted for each condition (n = 3). The error bars

represent SEM. *, P = 0.05.

ICAM-1 protein stability (Fig. 5B and C, bottom). Overall, these results indicate that Vpu
accelerates ICAM-1 protein turnover in a proteasome-dependent manner. Furthermore,
the observation that Vpu accelerates the loss of immature ICAM-1 protein suggests that

Vpu targets ICAM-1 at the ER.
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FIG 6 Vpu dual-serine-motif-dependent surface ICAM-1 downregulation is dissociable from B-TrCP-1-
mediated ICAM-1 degradation. (A) Expression of B-TrCP-1, B-TrCP-2, and BST2 mRNA transcripts was
evaluated by RT-qPCR in Hela cells expressing nontargeting shRNA (shNT) or shRNA against either B-TrCP-1
(shBT1) or B-TrCP-2 (sh3T2). Data were expressed relative to the value for the shNT control. gapdh was used
as a reference gene. (B to D) shNT, sh3T1, and sh3T2 Hela cells shNT, shT1, and TrCP-2 were transfected
with plasmids expressing wild-type NL4.3 Vpu (pVpu) or an empty-vector control (pEmpty) for 24 h. (B)
Surface expression of ICAM-1 and BST2 was measured by flow cytometry (n = 3). The data are expressed
as the MFI of Vpu-transfected cells normalized to the MFI of cells from pEmpty transfections. (C and D)
Whole-cell lysates were analyzed for the indicated proteins by Western blotting. (C) Representative blots.
(D) Compiled densitometric analysis of ICAM-1 normalized to GAPDH (n = 2). **, P < 0.01; ***, P = 0.005.

B-TrCP-1 is required for Vpu-mediated ICAM-1 degradation, but not ICAM-1
surface downregulation. Given the requirement for the B-TrCP-recruiting S52/S56
motif of Vpu for ICAM-1 downregulation, as well as the accelerated loss of ICAM-1
induced by Vpu, we questioned whether B-TrCP is essential for both ICAM-1 surface
downregulation and degradation. Two forms of B-TrCP are found in humans (41). To
investigate their individual requirements, we transfected Hela cells stably expressing
short hairpin RNA (shRNA) against B-TrCP-1, B-TrCP-2, or a nontargeting shRNA control
with Vpu expressor plasmids. Cells were analyzed by flow cytometry 24 h later for
surface ICAM-1 expression, while whole-cell ICAM-1 levels were analyzed by West-
ern blotting. Knockdown of B-TrCP-1/2 expression was confirmed by RT-qPCR
analysis (Fig. 6A).

Surprisingly, although the B-TrCP-binding S52/556 motif is required for ICAM-1
downregulation (Fig. 2 and 4), ICAM-1 surface downregulation was maintained in HelLa
cells expressing shRNA against either B-TrCP-1 or -2 (Fig. 6B, left). As previously
reported (42), Vpu-mediated BST2 surface downregulation was also unaffected by
B-TrCP-1/2 depletion (Fig. 6B, right). With regard to whole-cell protein levels, however,
the quantity of ICAM-1 protein was not reduced by Vpu in Hela cells expressing shRNA
targeting B-TrCP-1, yet depletion was maintained in Hela cells expressing nontargeting
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shRNA or shRNA targeting B-TrCP-2 (Fig. 6C and D). Hence, as reported for Vpu-
mediated BST2 antagonism (43), our results indicate that the S52/S56 motif of Vpu
plays two unique and dissociable roles, being required for ICAM-1 surface downregu-
lation in the absence of B-TrCP-1-mediated protein depletion.

Vpu decreases particle infectivity by decreasing the level of ICAM-1 packaged
into virions. ICAM-1 has previously been shown to be selectively packaged into HIV-1
virions to increase their infectivity, with the amount of packaged ICAM-1 correlating
with its cell surface expression (44). We therefore assessed whether Vpu-mediated
ICAM-1 cell surface downregulation might decrease virus infectivity by lowering the
amount of ICAM-1 packaged into virions.

First, we confirmed that Vpu is sufficient to affect exogenous ICAM-1 expression in
HEK 293T cells. ICAM-1 or TfR expressor plasmids were used to transfect HEK 293T cells,
and GFP-marked Vpu expressor plasmids were cotransfected at increasing concentra-
tions. Expression of Vpu in HEK 293T cells resulted in a dose-dependent decrease in
ICAM-1 protein (Fig. 7A). Vpu also induced the accumulation of the lower-molecular-
mass form of ICAM-1 (~65 kDa), which was also sensitive to Vpu-mediated depletion
at higher Vpu input. Comparable results were seen for ICAM-3 (data not shown). In
contrast, no reduction of TfR expression was observed upon increased Vpu expression
compared to GFP-only vector controls. Furthermore, no immature form of TfR could be
detected by Western blotting, suggesting that Vpu overexpression was not causing a
general obstruction of the secretory system. In total, these results suggest that Vpu acts
specifically to downregulate ICAM-1 expression in HEK 293T cells, as well as to inhibit
the transition of ICAM-1 from the immature form found in the ER to the fully glycosy-
lated form found at the cell surface.

To investigate the effects of Vpu on ICAM-1 incorporation into nascent HIV-1 virions,
HEK 293T cells were transfected with WT, AVpu, or S52/S56D Vpu NL4.3 proviruses in
conjunction with ICAM-1 expressor plasmids. ICAM-1 incorporation into released HIV-1
particles was examined by Western blotting 48 h later. The presence of WT Vpu, but not
S52/S56D Vpu, resulted in decreased expression of mature ICAM-1 in cell lysates, which
corresponded to decreased incorporation of mature ICAM-1 into HIV-1 virions (Fig. 7B
and C). Vpu therefore appears to lower the incorporation of ICAM-1 into HIV-1 particles
by downregulating the adhesion molecule from the surface of virus-producing cells.
Importantly, no change in the amount of virus-associated p24 was detected in the
presence or absence of Vpu, indicating that ICAM-1 has no effect on virion release.
Moreover, although some experiments showed a trend toward increased gp120 levels
in AVpu virions (Fig. 7B), quantitative analysis over several experiments revealed no
significant change in gp120 levels in released WT and Vpu mutant virions (Fig. 7C), in
line with previous reports demonstrating that ICAM-1 levels do not affect Env packag-
ing or processing (45, 46).

To examine the effect of Vpu-mediated decreased ICAM-1 incorporation on viral
infectivity, ICAM-1-expressing WT, AVpu, or $52/S56D Vpu HIV-1 particles were normal-
ized by p24 enzyme-linked immunosorbent assay (ELISA) and used to infect Jurkat-1G5
and Tzm-bl cell lines, which both contain stably integrated HIV long terminal repeat
(LTR)-luciferase constructs (47, 48), and infectivity was evaluated by luciferase assay.
Consistent with reports indicating that ICAM-1 packaging increases viral infectivity (44),
AVpu and S52/556D Vpu HIV-1 particles produced from ICAM-1+ HEK 293T cells were
more infectious (approximately 2-fold) than their Vpu-competent counterparts when
Jurkat-1G5 cells were used as targets. This Vpu-mediated modulation of viral infectivity
was not observed when virions were produced in the absence of ICAM-1 or when
Tzm-bl cells, which do not express the ICAM-1 counterreceptor, LFA-1 (46), were used
as targets (Fig. 7D).

To observe the effect of Vpu on virion infectivity in a more physiologically relevant
context, WT or AVpu viruses were harvested from the ICAM-1+ SupT1 and CEM-shBST2
T cell supernatants and evaluated for infectivity as described above using the LFA-1*
Jurkat-1G5 and CEM-luc reporter cells, respectively, as targets. SupT1 and CEM-shBST2
cells were chosen for virus production, as they do not express BST2 and therefore
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FIG 7 Vpu lowers viral infectivity by decreasing the amount of mature ICAM-1 packaged into HIV-1 virions. (A) HEK 293T cells were
cotransfected with plasmids encoding ICAM-1 (pICAM-1) or TfR (pTfR), along with GFP-marked plasmids expressing wild-type NL4.3 Vpu
(pVpu) or an empty-vector control expressing GFP alone (pEmpty). Twenty-four hours posttransfection, whole-cell lysates were analyzed
for the indicated proteins by Western blotting. (B and C) HEK 293T cells were cotransfected with pICAM-1, along with either WT,
Vpu-deficient (AVpu), or S52/S56D Vpu (S52, S56D) NL4.3 provirus for 48 h. Cells and virions were then pelleted and lysed prior to analysis
for the indicated proteins by Western blotting. (B) Representative blots. (C) Compiled densitometric analysis of ICAM-1 and gp120 blots.
Cell lysates were normalized to the amount of Gag per cell [(p24 + p55)/actin] to control for transfection efficiency. The virus lysates were
normalized to p24. The results are expressed relative to the WT-infected condition (n = 3). (D) Jurkat-1G5 or HeLa Tzm-bl cells expressing
luciferase under the control of the HIV-1 LTR promoter were infected for 48 h with WT, AVpu, or $52/S56D Vpu (552,56D) NL4.3 viruses
produced from HEK 293 T cells expressing ICAM-1 or not. Luciferase activity was calculated by measuring relative light units (RLU) from
cell lysates. Relative infectivity is expressed as RLU normalized to WT-infected cells (n = 3). (E) Jurkat-1G5 or CEM-luc cells expressing
luciferase under the control of the HIV-1 LTR promoter were infected for 48 h with WT or AVpu NL4.3 viruses produced from SupT1 or
CEM-shBST2 cells, respectively. Luciferase activity was calculated by measuring RLU from cell lysates. Relative infectivity is expressed as
RLU normalized to WT-infected cells (n = 3). A schematic representation of producer/reporter cell pairs is shown above the corresponding
graphs. The error bars represent SEM. *, P < 0.05; ***, P = 0.005; N.S., nonsignificant.

remove the potential confounding effects of this restriction factor. As observed with
HEK 293T-produced virions, removal of Vpu resulted in increased particle infectivity,
ranging from approximately 1.5- to 2.5-fold depending on the system used (Fig. 7E).

Notably, ICAM-3 has previously been shown not to affect virion infectivity (49), and
indeed, we observed minimal packaging of ICAM-3 into HIV-1 virions, as well as no
effect of ICAM-3 on HIV-1 particle infectivity (data not shown).

Vpu-mediated ICAM-1 downregulation prevents NK cells from targeting HIV-
1-infected primary CD4+ T cells. The observed decrease in HIV-1 infectivity provided
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by Vpu appears counterintuitive, as this effect is likely to limit HIV-1 transmission and/or
spread during natural infection. We therefore reasoned that the apparent loss of viral
fitness resulting from decreased particle infectivity may be counterbalanced by a
second, fitness-increasing effect. ICAM-1 is a prerequisite for the strong cell-to-cell
adhesion needed to form immunological-synapse (IS) structures (50). We therefore
postulated that Vpu-mediated decreased ICAM-1 expression may result in decreased
cell-to-cell conjugation with immune cells through disruption of IS structures.

To investigate the effect of Vpu on the binding of immune cells to HIV-1-infected
CD4* T cells, we employed a flow cytometry-based conjugation assay (51). Briefly, a
matching number of WT or AVpu GFP* NL4.3 HIV-1-infected primary CD4* T cells were
sorted by fluorescence-activated cell sorting (FACS) to nearly 100% purity and then
cocultured with eFluor 670-labeled autologous NK cells for 10 min before the cells were
abruptly fixed with 2% paraformaldehyde (PFA). NK cell-T cell conjugates were defined
as GFP™* eFluor 670* events via flow cytometry. By this method, conjugation events
could readily be detected when CD4+ T cells were infected with HIV-1, with the number
of conjugates correlating positively with the effector-to-target (E:T) ratio (Fig. 8A and B).
Importantly, the absence of Vpu resulted in an approximate doubling in the number of
infected CD4* T cells detected in conjugation with NK cells. Hence, Vpu decreases the
formation of conjugates between NK cells and HIV-1-infected CD4* T cells.

To examine the role of ICAM-1 in the binding of NK cells to HIV-1-infected CD4* T
cells, the flow cytometry-based conjugation assay was repeated in the presence of
anti-ICAM-1 or anti-ICAM-3 blocking Abs (52). In this experiment, the human NK-like
YTS cell line was used to compensate for the interdonor variability of primary NK cells.
$52/S56D Vpu was included as a negative control, since this mutant does not down-
regulate ICAM-1 (Fig. 8C and D). Similar to what was observed in the absence of Abs,
treatment of CD4™ T cells with isotype control Abs resulted in greater NK cell-CD4+ T
cell conjugate formation in the context of HIV infections lacking WT Vpu protein
(compare Fig. 8B to D). Treatment of infected CD4" T cells with ICAM-1 blocking Abs
resulted in a general reduction in NK cell-CD4* T cell conjugate formation, as well as
a loss of significant discrepancy between the number of conjugates formed in WT,
AVpu, or S52/556D Vpu coculture systems (Fig. 8C and D). In contrast, treatment of WT
HIV-T-infected CD4* T cells with ICAM-3 blocking Abs had no effect on conjugate
formation yet decreased conjugation slightly in the context of infected cells lacking a
fully functional Vpu protein. ICAM-3 may therefore contribute to conjugate formation
to a lesser extent than ICAM-1, and only when surface ICAM-3 levels are relatively high
(i.e., in the absence of Vpu).

To determine whether lowered ICAM-1-mediated conjugation in the presence of
Vpu results in decreased NK cell-mediated killing, we investigated the effects of Vpu on
NK cell-induced specific lysis of HIV-1-infected CD4* T cells in the presence or absence
of anti-ICAM-1 blocking Abs. To do this, matching numbers of CD4" T cells were
infected with WT, AVpu, or S52/S56D Vpu NL4.3 HIV-1 to comparable levels of infection
(~10%) and then cocultured with autologous NK cells in the presence of either
anti-ICAM-1 blocking Abs or isotype control Abs for 5 h. The percent specific lysis of
infected CD4* T cells was calculated from the difference in the percentage of GFP*
CD4™ T cells after NK cell coculture and the percentage of GFP™ CD4 " T cells in parallel
cultures to which NK cells were not added (Fig. 9A to C) (see Materials and Methods for
more details). Consistent with NK cell-CD4" T cell conjugation data, in the presence of
isotype control Abs, WT Vpu decreased the NK cell-induced loss of infected CD4™ T cells
by approximately 1.5-fold relative to the AVpu and S52/S56D Vpu mutants (Fig. 9D),
and treatment with anti-ICAM-1 blocking Abs decreased the total degree of CD4* T cell
loss under all conditions, as well as eliminating any significant discrepancy between the
levels of CD4* T cell killing in the presence or absence of functional Vpu. Taken
together, these results indicate that Vpu protects HIV-1-infected CD4" T cells against
NK cell conjugation and deletion in an ICAM-1-dependent manner.
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FIG 8 Vpu-induced ICAM-1 downregulation prevents NK cell conjugation to HIV-1-infected CD4* T cells. (A and B) Sorted
GFP* WT or Vpu-deficient (AVpu) HIV-1-infected primary CD4* T cells were cocultured with eFluor 670-labeled autologous
NK cells at different E:T ratios, and conjugate formation was measured by flow cytometry. (A) Representative dot plots at
an E:T ratio of 2.5:1. The percentages of GFP* event that were also eFluor 670+ are shown in the upper right corners. (B)
Compiled data expressed as the percentage of GFP+ eFluor 670" events out of total GFP* events (n = 4). As a control
(Ctrl), 2% PFA was added to NK cells to fix them prior to CD4* T cell coculture. Any remaining conjugation events were
assumed to be the result of a nonspecific process. (C and D) Sorted GFP* WT, Vpu-deficient (AVpu), or S52/S56D Vpu
(S52,56D) NL4.3 HIV-1-infected primary CD4* T cells were cocultured with eFluor 670-labeled YTS cells at an E:T ratio of
3:1 in the presence of either ICAM-1 blocking Abs (a-ICAM-1), ICAM-3 blocking Abs (a-ICAM-3), or isotype control Abs (ISO).
(C) Representative dot plots. The percentages of GFP+ events that were also eFluor 670" are shown in the upper right
corners. (D) Compiled data expressed as the percentage of GFP* eFluor 670+ events out of total GFP* events relative to
the WT isotype Ab-treated samples (n = 3). The error bars represent SEM. *, P < 0.05; **, P < 0.01; ***, P =< 0.005; N.S.,
nonsignificant.

DISCUSSION

HIV-1 Vpu is a nonstructural protein that appears to be functionally dedicated to the
modulation of host membrane-associated protein levels at the PM. Canonically known
for CD4 and BST2 downregulation, the list of cell surface proteins targeted by Vpu has
grown significantly in recent years (7, 26, 53). With this in mind, we sought to
characterize the effects of this HIV-1 accessory protein on the composition of the cell
surface proteome in an unbiased and comprehensive manner. Using SILAC-based MS
on PM protein isolates, we identified a suite of novel putative targets of HIV-1 Vpu.

Recently, a similar study, which differed from our own in several respects, has been
published by Matheson et al. (26). Matheson et al. employed a biotin-streptavidin-
based technique to isolate PM glycoproteins via pulldown, whereas our study em-
ployed a method based on cationic colloidal silica beads to increase the mass and
strength of PMs prior to enrichment of whole PMs by centrifugation. In addition,
Matheson et al. employed the CEM T4 CD4" T cell line infected with WT virus to
uncover host proteins downregulated by general infection and then repeated their
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FIG 9 Vpu-induced ICAM-1 downregulation prevents NK cell-mediated killing of HIV-1-infected CD4* T cells. Primary CD4*
T cells infected with GFP-marked WT, Vpu-deficient (AVpu), or S52/S56D Vpu (S52,56D) NL4.3 HIV-1 were cocultured with
DiD-labeled autologous NK cells in the presence of ICAM-1 blocking Abs (a-ICAM-1) or isotype control Abs (ISO), and the
percent specific lysis of HIV-1-infected CD4* T cells was calculated by flow cytometry. (A) Experimental design and gating
strategy. HIV-1-infected CD4+ T cells were pretreated for 1 h with either isotype or anti-ICAM-1 Abs before being left
untreated or being cocultured with autologous, DiD dye-marked NK cells at an E:T ratio of 3:1 for 5 h. The percent GFP
expression on CD4* T cells was then determined via flow cytometry by first gating on the DiD~ cell population. (B)
Representative data showing percent GFP expression on CD4* T cells with or without 5 h of NK cell coculture in the presence
of isotype Abs or ICAM-1 blocking Abs. (C) For both antibody treatments, the percent specific lysis of infected CD4+ T cells
was calculated by dividing the decrease in percent GFP* CD4* T cells resulting from NK cell coculture [(percent GFP* of

DiD— cells

o NK cell cocutture) — (Percent GFP* of DID~ cellsyk cen cocurrure)] PY the percent GFP* CD4+ T cells without NK cell

coculture [(percent GFP* of DiD~ cells,, nk cell cocuiture) X 100]. (D) Compiled data expressed relative to WT-infected,
ISO-treated samples (n = 4). The error bars represent SEM. *, P = 0.05; N.S., nonsignificant.

experiments using AVpu HIV-1 infection and Vpu-encoding lentiviral vector transduc-
tion in order to assess the role of Vpu in the downregulation of specific candidates. Our
study, in contrast, employed a Vpu-inducible Jurkat cell line to directly assess the role
of Vpu. Despite these differences in the experimental approaches, several putative
targets for HIV-1-mediated downregulation were identified in both studies, including
multiple members of the ICAM family (see Table S1 in the supplemental material).
Previously, Haller and colleagues employed a flow cytometry-based screening assay
to uncover novel targets of Vpu-mediated downregulation (53). This group transiently
transfected A3.01 lymphocytes to express Vpu and then observed the effects of the
viral protein using a commercially available Ab screening panel comprised of 242

April 2017 Volume 91 Issue 8 €02442-16

Journal of Virology

jviasm.org 15


http://jvi.asm.org

Sugden et al.

distinct Abs. Interestingly, this directed screening assay also identified ICAM-2 as a
candidate for Vpu-mediated downregulation. Furthermore, the study also identified
numerous members of the tetraspanin family of proteins (CD37, CD53, CD63, CD81, and
CD151) as Vpu targets, a finding that was later supported by the Matheson et al. study.
In contrast, Haller et al. failed to observe Vpu-mediated changes in many putative
targets identified using proteomic-based screening methods (ICAM-3 [CD50], IAP
[CD47], SPN [CD43], and MIC2 [CD99]). These discrepancies may be the result of the
expression system used (transient expression versus stable expression versus infection),
differences in model cell lines, or variations in the sensitivity of the screening assays.

Our study has ultimately led to the identification and validation of the adhesion
molecules ICAM-1 and ICAM-3 as surface molecules downmodulated by Vpu (Fig. 1 and
2). While ICAM-2 is generally believed to be the most relevant for endothelial cell
function (32, 33), ICAM-1 and ICAM-3 expressed on leukocytes are important compo-
nents of the highly organized and stable cell-to-cell contacts termed IS structures.
ICAM-3 is expressed constitutively at high levels, while ICAM-1 is generally expressed at
low levels but can be dramatically upregulated in response to numerous stimuli,
including cytokines, hormones, infections, and physical stressors (54), as well as,
importantly, T cell activation and direct T cell receptor (TCR) stimulation (55). ICAM-3
binding has been shown to induce enlargement of cell-to-cell contacts through in-
creased actin polymerization, while ICAM-1 does not (for a review, see reference 32).
Rather, ICAM-1 supports more prolonged and stable conjugations (56). These obser-
vations have led to a model whereby ICAM-3 is responsible for less specific cell-to-cell
interactions that promote the expansion of the initial contact interface, while ICAM-1
binding cements the strong, stable attachment needed for IS formation.

We confirmed the previous in vivo observation that ICAM-1 is upregulated at the
transcriptional level in the context of HIV-1 infection (36) and further showed that Vpu
counterbalances this upregulation by downregulating ICAM-1 posttranscriptionally
(Fig. 2 and 3). Vpu-mediated downregulation results in an approximately 2-fold de-
crease in the relative expression of surface ICAM-1 on HIV-T-infected cells (Fig. 2),
similar to what has been reported for BST2 in this context (57, 58). This effect requires
the presence of a dual-serine motif at amino acids S52/556 and an intact TMD (Fig. 2
and 4) and is conserved among primary Vpu variants (Fig. 4).

Importantly, we showed that ICAM-1 downmodulation decreases the ability of NK
cells to target infected CD4™ T cells for deletion (Fig. 8 and 9) while at the same time
decreasing HIV-1 particle infectivity (Fig. 7). In contrast, ICAM-3 was packaged into
HIV-1 virions only at very low levels and did not significantly affect infectivity, confirm-
ing previous results (49). Furthermore, whereas ICAM-1 blocking Abs produced a
profound loss of conjugate formation between NK cells and infected CD4* T cells in all
contexts, blocking ICAM-3 resulted in only a slight decrease in conjugate formation,
and only at high ICAM-3 surface levels resulting from the absence of Vpu. Collectively,
these observations suggest that ICAM-1 plays a more significant role in both HIV-1
virion infectivity and formation of IS structures between infected T cells and NK cells
than the related ICAM-3 molecule.

Mechanistically, we provided evidence that Vpu interacts with ICAM-1 via its TMD
and accelerates its degradation via a proteasome-dependent process (Fig. 5) that relies
on the recruitment of B-TrCP-1 (Fig. 6), likely prior to ICAM-1 maturation in the ER (Fig.
5). Interestingly, although both surface downregulation and degradation of ICAM-1 are
dependent on the S52/5S56 motif and TMD of Vpu, B-TrCP-1 is not required for ICAM-1
surface downregulation (Fig. 6).

The data presented here, taken as a whole, suggest a model whereby ICAM-1
transcripts are increased in response to viral infection, while Vpu mitigates this up-
regulation by intercepting immature ICAM-1 and promoting its proteasome degrada-
tion through ubiquitination by the SCFATr<P-1 E3 ubiquitin ligase complex. In the
absence of B-TrCP-1, however, Vpu is still able to sequester ICAM-1 intracellularly in an
S52/S56-dependent manner, resulting in decreased ICAM-1 surface expression without
whole-cell protein loss. This at first appears to be paradoxical, as the $52/556 motif of
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Vpu acts primarily to recruit B-TrCP and its accompanying ubiquitination machinery.
Deletion of the S52/556 motif would therefore be expected to phenocopy B-TrCP
knockdown in all respects. Recently however, it has been shown that the phosphor-
ylation of S52/556 also regulates other functions of Vpu. For example, Vpu S52/556
phosphorylation also allows the recruitment of clathrin adaptor proteins 1 and 2 (AP-1
and AP-2) to the cytosolic tail of Vpu, allowing Vpu to link its targets to clathrin-
dependent endocytic trafficking machinery independently of B-TrCP recruitment (42,
43). Indeed, somewhat analogous to our ICAM-1 findings, S52/556-mediated down-
regulation of BST2 (through recruitment of AP-1) and S52/S56-mediated BST2 lyso-
somal degradation (through recruitment of SCFF-T"“P) have already been shown to be
separable phenomena (43). The most parsimonious hypothesis is that Vpu interacts
with immature ICAM-1 directly in the ER or early cis-Golgi, preventing its transition to
the cell surface through a mechanism requiring the $52/S56 motif (yet independent of
B-TrCP). This pool of ICAM-1 becomes susceptible to Vpu-mediated proteasomal
degradation through S$52/S56-mediated recruitment of B-TrCP-1. One way Vpu could
retain ICAM-1 within the cell is by directly inhibiting ICAM-1 glycosylation. Indeed,
ICAM-1 has been shown to be retained in the ER when glycosylation is prevented (59).
In addition, Vpu has been shown to prevent the glycosylation of both NTB-A, resulting
in its lowered surface expression (60), and BST2, potentially inhibiting its translocation
into the ER (61). Alternatively, the possibility that Vpu can interact with ICAM-1 in the
ER or cis-Golgi to induce its degradation via B-TrCP, as well as interact with the protein
at other locations within the cell to induce B-TrCP-1-independent sequestration, cannot
be excluded.

The ability of Vpu to prevent ICAM-1-mediated NK cell/CD4™ T cell conjugation
suggests Vpu disrupts the formation of IS structures. Interestingly, Vpu is not the first
viral protein demonstrated to decrease ICAM-1 levels to promote evasion of cell-
mediated immunity. Indeed, the p12(l) protein from human T-cell lymphotropic virus
type 1 (HTLV-1) also decreases ICAM-1 surface expression on infected CD4+ T cells,
resulting in lowered NK cell conjugation (62). In addition, the membrane-associated E3
ubiquitin ligase K5 and K3 proteins from gammaherpesviruses also target ICAM-1 for
degradation to similar effect (63).

ICAM-1 is known to localize to HIV assembly sites (64), and a highly developed body
of work describing the infectivity-enhancing incorporation of ICAM-1 into HIV-1 parti-
cles has been published (44). The observation that Vpu-mediated ICAM-1 downregu-
lation results in its decreased incorporation into virions and accompanying lower viral
infectivity was therefore not unexpected. It is noteworthy that ICAM-1 also plays a
major role in the formation of direct contacts between infected cells and uninfected
target cells resembling IS structures, referred to as virological synapses (VS) (65). VS
structures promote direct cell-to-cell transmission of HIV, resulting in more efficient
viral dissemination than is achieved with cell-free virions (66), as well as helping to
bypass antibody defenses (67) and encouraging inflammation-induced apoptosis
(termed pyroptosis) of nonpermissive CD4™* target T cells (68).

Vpu-mediated ICAM-1 downregulation may therefore represent an evolutionary
compromise on the part of the virus, allowing the evasion of cell-mediated immunity
at the cost of decreased viral infectivity and VS-mediated spread. Consistent with this
idea, Vpu has been shown to inhibit HIV-1 cell-to-cell transmission in both BST2-
expressing (69) and BST2-deficient (70) cells and is selected against during long-term in
vitro culture, perhaps resulting in enhanced cell-to-cell transmission (71). A similar
evolutionary compromise has been proposed for the Vpu-targeted tetraspanin mole-
cules (27). Tetraspanins are surface membrane proteins that have been reported to
benefit HIV-1 by preventing the cell-to-cell fusion events that lead to the formation of
syncytia (72) yet hinder HIV-1 by decreasing infectivity when packaged into virions (73).
Interestingly, tetraspanin molecules are known to organize into membrane microstruc-
tures referred to as tetraspanin-enriched microdomains (TEMs), which specifically in-
corporate ICAM-1 (74) and localize to both IS and VS structures, where they modulate
HIV-1 cell-to-cell spread (75, 76). Although, unlike ICAM-1, Vpu-mediated downregula-
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tion of tetraspanins does not require the S52/556 dual-serine motif, the potential for at
least a partially shared mechanism warrants further study.

Given the ubiquitous role of ICAM-1 in the proper formation of IS/VS structures, the
negative effects of Vpu-mediated ICAM-1 downregulation likely extend well beyond NK
cell immune evasion. For example, antigen-presenting cells, such as macrophages, also
rely on IS structures to identify HIV-infected T cells (77). Furthermore, CD8" T cell-
mediated immunity, a dominant contributor to the control of HIV-1 viremia, also
depends on ICAM-enhanced IS structures for the identification and destruction of
infected cells (78). Clearly, a fuller understanding of the immunological consequences
of Vpu-mediated ICAM downregulation remains an important research goal that war-
rants further investigation.

MATERIALS AND METHODS

Antibodies and reagents. For flow cytometry, anti-ICAM-1-allophycocyanin (APC) (HA58), anti-
ICAM-3-APC (CBR-IC3/1), and anti-CD45-phycoerythrin (PE)-Cy7 (H130) Abs were purchased from Bio-
Legend (San Diego, CA). Anti-TfR-APC (M-A712) Abs were obtained from BD Bioscience (San Jose, CA),
while goat anti-rabbit-Alexa Fluor 633 (A633) Abs were purchased from Life Technologies (Thermo
Fisher, Carlsbad, CA). Rabbit anti-BST2 serum was described previously (19). For Western blot experi-
ments, rabbit anti-ICAM-1 (sc-7891), goat anti-calnexin (sc-6465), rabbit anti-Eps15 (sc-534), and rabbit
anti-CD4 (sc-7219) were obtained from Santa Cruz (Dallas, TX); rabbit anti-ICAM-3 (AF813) was purchased
from R&D Systems (Minneapolis, MN), mouse monoclonal anti-TfR (BD 612124) from BD Bioscience,
rabbit anti-histone H3 (ab1794) from Abcam (Toronto, Canada), sheep anti-TGN46 (AHP500G) from AbD
Serotec (Raleigh, NC), rabbit anti-AU1 (LS-C83247) from LSBio (Seattle, WA), rabbit anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (poly6314) from BioLegend, and mouse monoclonal anti-GFP from
Roche (Mississauga, Canada). Anti-actin rabbit serum (A2668) was purchased from Sigma-Aldrich (St.
Louis, MO). Rabbit anti-Vpu, mouse anti-p24, and anti-gp120 sera were described previously (79, 80). For
coimmunoprecipitation (co-IP) experiments, goat polyclonal anti-ICAM-1 Abs (BBA17) were purchased
from R&D Systems. For NK cell blocking experiments, mouse monoclonal IgG1 anti-ICAM-1 Abs (clone
15.2) and anti-ICAM-3 Abs (clone CBR-IC3/1) were purchased from AbD Serotec and BioLegend, respec-
tively, while the mouse IgG1 Abs (P3.6.2.8.1) used as an isotype control were obtained from eBioscience
(San Diego, CA).

Expre3°S35S labeling reagent was purchased from Perkin Elmer. Heavy-labeled t-arginine-HCl
(13CH;,"°N,0,:HCl) and L-lysine-HCI (3C4H,,"°N,0,:2HCI) were obtained from Cambridge Isotope Lab-
oratories (Andover, MA), whereas natural L-arginine-HCl, L-lysine-HCl, and -leucine-HCl were purchased
from Sigma-Aldrich. Raltegravir and interleukin 2 (IL-2) were obtained through the NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH, from Merck (Kenilworth, NJ), and from Maurice Gately (Roche).

Plasmids. A pNL4.3 proviral construct coding for a full-length B clade HIV-1 group M in which nef is
followed by an internal ribosome entry site (IRES) that allows expression of GFP (pNL4.3-GFP) and
isogenic variants thereof have been described previously (79, 81, 82). The plasmids encoding Vpu
variants with a disrupted hydrophobic face within the TMD at amino acids A10, A14, A18 (A10/A14/A18L)
and the S52/556 motif (552/556D) were generated by site-directed mutagenesis of the original pNL4.3-
GFP. pCGCG-Vpu-IRES-GFP plasmids expressing a bicistronic mRNA encoding group M Vpu variants with
an AU1 tag at their C termini and GFP from an IRES element were provided by Frank Kirchhoff (39).
Mutant variants of the pCGCG NL4.3 Vpu plasmids were generated by site-directed mutagenesis. The
cytomegalovirus (CMV) early promoter-based plasmids (svCMV) expressing either WT or mutant Vpu
proteins have been described previously (83, 84). The pLenti-CMV/TO_Puro_DEST and pLenti-CMV-TetR
plasmids were acquired from Addgene (Eric Campeau), and a coding sequence expressing VpuGFP was
inserted into pLenti-CMV/TO_Puro_DEST using standard molecular techniques. The lentiviral psPAX2
packaging vector and the pCD1.8 plasmid encoding ICAM-1 (pICAM-1) were obtained through Addgene
from Didier Trono and Timothy Springer, respectively. The ICAM-3-expressing pCMV/hygro plasmid
(pICAM-3) was purchased from Sino Biological (Beijing, China). The pVSVg vector encoding VSV-G has
been described previously (79). The pCMV6-XL5 plasmid encoding TfR (pTfR) was purchased from
OriGene.

Cell lines and tissue culture. Lymphocytic cell lines were cultured in RPMI 1640 medium (Wisent)
supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 pg/ml streptomycin
(RPMI-10). HeLa cells and HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Wisent) supplemented with 10% FCS (DMEM-10). Primary CD4* T cells were maintained at 1 X 10°
cells/ml in RPMI-10 supplemented with 100 U/ml IL-2. Primary CD56" NK cells were maintained at 1 X
10° cells/ml in RPMI-10 supplemented with 500 U/ml IL-2.

Jurkat®®VpuGFP cells were generated by transducing Jurkat E6.1 cells with lentiviral vectors coding
for VpuGFP expressed from a CMV early promoter under the control of the tetracycline (Tet) response
element, followed by a second round of lentiviral transduction with vectors encoding the TetR repressor
protein under the control of the CMV promoter. Gene selection was carried out through the sequential
addition of 1 ug/ml of puromycin (Sigma-Aldrich) and 100 wg/ml of blasticidin (Sigma-Aldrich) to cell
cultures to select for VpuGFP and TetR, respectively.

Hela cells stably expressing shRNA against B-TrCP-1, B-TrCP-2, or a nontargeting control from a
bicistronic mRNA that also produces GFP were generated by lentiviral transduction. Selection was carried
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out by supplementing the cell cultures with 1 ug/ml of puromycin, followed by FACS for GFPhigh cells.
CEM cells resistant to NK cell-mediated lysis (CEM NK* CCR5") were obtained from the NIH AIDS Reagent
Program (John Moore and Catherine Spenlehauer) and altered to stably express shRNA against BST2
(CEM-shBST2) by lentiviral transduction followed by puromycin selection (85).

Jurkat-1G5 cells and HelLa Tzm-bl expressing luciferase under the control of the HIV-1 LTR were
obtained from the NIH AIDS Reagent Program (Estuardo Aguilar-Cordova and John Belmont [Jurkat-1G5];
John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. [Hela Tzm-bl]). SupT1 cells and CEM NKr CCR5* cells
expressing luciferase under the control of the HIV-1 LTR (CEM-luc) were also obtained from the NIH AIDS
Reagent Program (Dharam Ablashi [SupT1]; John Moore and Catherine Spenlehauer [CEM-luc]). The
NK-like YTS cells were a generous gift from André Veillette (Institut de Recherches Cliniques de Montréal
[IRCM]).

Virus and lentiviral vector production. HEK 293T cells were transfected with proviral plasmids
using a standard calcium phosphate method as described previously (79). For HIV-1 production, cells
were transfected with pNL4.3-GFP or isogenic variants thereof. To pseudotype certain virus preparations,
the pVSVg plasmid was cotransfected. For lentiviral production, cells were transfected with pVSvg,
psPAX2, and pLenti-CMV/TO_Puro_DEST encoding either VpuGFP or pLenti-CMV-TetR, as previously
described (79). Virus stocks were quantified using a standard MAGI assay as described previously (79).

SILAC, plasma membrane isolation, and mass spectrometry. For a minimum of six doubling
times, Jurkatt®RVpuGFP cells were grown in leucine-free, lysine-free, arginine-free, and phenol red-free
RPMI 1640 media (Sigma-Aldrich) supplemented with 50 ug/ml L-lysine, penicillin-streptomycin (P/S),
and 10% dialyzed FCS, with either natural or heavy-labeled L-arginine and L-lysine added at 200 uM and
335 uM, respectively. After label incorporation, 7 X 107 cells were cultured at 1 X 106 cells/ml and either
treated with Dox (Sigma-Aldrich) at 7 wg/ml or left untreated for 36 h. The treated and untreated cells
were then mixed together at a 1:1 ratio, and PMs were isolated using cationic colloidal silica beads as
described previously (28). Briefly, cells were coated with Ludox colloidal silica beads (Sigma-Aldrich) and
then suspended in lysis buffer (phosphate-buffered saline [PBS] with 0.1% Triton X-100, 0.1% [mass/vol]
SDS supplemented with fresh Complete protease inhibitor [Roche] and 10 wg/ml DNase [Roche]) and
lysed by sonication on ice with 2 30-s pulses at 70% amperage using a Branson Ultrasonics (Danbury, CT)
Sonifier 450 sonicator. Membrane proteins were pelleted by zonal centrifugation over a 10% to 60%
laddered sucrose gradient and purified as described previously (28). Proteins were then precipitated
using standard trichloroacetic acid (TCA) precipitation and sent to the IRCM Proteomics discovery
platform for MS analysis. Proteins were identified and quantified using the MaxQuant SILAC computer
program (version 1.5.3.30; Max Plank Institute of Biochemistry [http://www.coxdocs.org/doku.php?id
=maxquant:start]).

Primary lymphocyte isolation, culture, and infection. Peripheral blood samples were obtained
from healthy adult donors who gave written informed consent in accordance with the Declaration of
Helsinki under research protocols approved by the research ethics review board of the IRCM. Peripheral
blood mononuclear cells (PBMCs) were isolated by Ficoll Paque (Roche) density centrifugation, and
primary CD4* T cells and NK cells were isolated, activated, and cultured as described previously (86), with
the exception that NK cells were maintained in the presence of 500 U/ml of IL-2.

CD4* T cells were infected with GFP-marked WT NL4.3 HIV-1 or isogenic Vpu variants thereof at a
multiplicity of infection (MOI) of 0.5. Surface expression of various molecules was measured by flow
cytometry 48 h postinfection using a Beckman Coulter (Mississauga, Canada) cyan ADP flow cytometer.

Hela cell infection. Hela cells were infected with VSV-G* GFP-marked WT or Vpu-deficient (AVpu)
NL4.3 HIV-1 at an MOI of 5 for 48 h. Aliquots of the infected samples were lysed in radioimmunopre-
cipitation assay (RIPA) buffer and analyzed by Western blotting, as described previously (83). In parallel,
RNA was isolated from infected HeLa cells using the RNeasy plus kit (Qiagen, Toronto, Canada), and cDNA
was generated by RT-PCR using a Superscript I kit (Invitrogen, Thermo Fisher). gPCR was carried out
using SYBR green (Thermo Fisher) on a Viaa-7 PCR System thermocycler (Thermo Fisher). Transcripts were
quantified using the 222¢T method. The qPCR primers were as follows: ICAM-1 forward (Fwd), 5'-CCTC
AGCACGTACCTCTATAAC-3'; ICAM-1 reverse (Rev), 5'-GGCTTGTGTGTTCGGTTTC-3’; BST2 Fwd, 5'-CAGAA
GGGCTTTCAGGATG-3'; BST2 Rev, 5'-TTTGTCCTTGGGCCTTCTC-3'; GAPDH Fwd, 5'-GGTGTGAACCATGAG
AAGTATGA-3'; GAPDH Rev, 5'-GAGTCCTTCCACGATACCAAAG-3’; B-TrCP-1 Fwd, 5'-TGGCTCATCTGACAA
CACTATC-3'; B-TrCP-1 Rev, 5'-CGAATACAACGCACCAATTCC-3"; B-TrCP-2 Fwd, 5'-TTCGGCTCCAGTTTGAT
GAG-3'; B-TrCP-2 Rev, 5'-CACTGGGAGGCACATTTAAGA-3'.

HelLa and HEK 293 T cell transfection. HeLa and HEK 293T cells were transfected with the described
plasmid vectors using Lipofectamine 2000 (Invitrogen) 24 or 48 h prior to further experimentation.

Metabolic labeling, pulse-chase, and immunoprecipitation. Hela cells were washed two times in
methionine- and cysteine-free DMEM (Wisent) supplemented with P/S and 10% dialyzed FCS, subse-
quently starved for 45 min in this medium in the presence or absence of CMA (Tocris Bioscience,
Minneapolis, MN) or MG132 (Calbiochem, Etobicoke, Canada), and then pulsed for 1 h by adding
35S-labeled methionine and cysteine Expre3°535S (Perkin Elmer, Waltham, MA) at 400 uCi/ml. The cells
were then washed two times in DMEM-10 and lysed at specific time points in RIPA buffer. ICAM-1 was
immunoprecipitated using an excess of goat anti-ICAM-1 Abs, and radiolabeled immunoprecipitates
were separated via SDS-PAGE and analyzed using a Storm 860 molecular imager (Molecular Dynamics,
GE Healthcare) as described previously (83).

Coimmunoprecipitation. Hela cells were infected with WT or AVpu HIV-1 or HIV-1 encoding a Vpu
mutant lacking the conserved transmembrane triple-alanine motif (A10/A14/A18L Vpu) as described
above and then lysed in CHAPS buffer (50 mM Tris, 100 mM NaCl, 0.5% [wt/vol] CHAPS {3-[(3-
cholamidopropyl)-dimethylammoniol-1-propanesulfonate}, 5 mM EDTA, pH 7.2, supplemented with
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fresh 1X Complete protease inhibitor). Lysates were precleared by incubation with 30 ul of CHAPS
buffer-washed protein G agarose beads (Thermo Fisher) for 1 h at 4°C. The lysates were then incubated
with goat anti-ICAM-1 Abs 4 to 6 h prior to the overnight addition of 40 ul of protein G beads. The beads
were washed four times with complete CHAPS buffer and then analyzed by Western blotting, as
described above.

Infectivity assay. SupT1 and CEM-shBST2 cells were infected with WT or AVpu NL4.3 HIV-1 at an
MOI of 0.5. HEK 293T cells were transfected with GFP-marked WT or AVpu HIV-1 or HIV-1 encoding
a Vpu mutant lacking the dual-serine motif (552/S56D Vpu) pNL4.3 proviruses and simultaneously
cotransfected with either pICAM-1, pICAM-3, or pTfR expressor plasmids. Forty-eight hours postin-
fection (SupT1 and CEM-shBST2) or posttransfection (HEK 293T), viruses were isolated by ultracen-
trifugation, as described previously (79), and normalized for p24 expression using an anti-p24 ELISA
(XpressBio, Frederick, MD). Jurkat-1G5, HeLa Tzm-bl, or CEM-luc cells, which express luciferase under
the control of the HIV-1 LTR promoter (47, 48, 87), were infected with virus at 50 pg of p24 per 1 X
10° cells and investigated for luciferase production 48 h later using a luciferase assay system kit
(Promega, Madison, WI).

CD4+ T cell-NK cell conjugation assays. Ten million isolated CD4* T cells per condition were
infected with VSV-G* GFP-marked WT, AVpu, or S52/S56D Vpu NL4.3 at an MOI of 1 via spin
infection. Forty-eight hours postinfection, GFP* CD4* T cells were enriched to greater than 99%
purity by FACS. Autologous NK cells were labeled with eFluor 670 dye (eBioscience). Infected CD4+*
T cells were mixed with autologous dye-labeled NK cells at an E:T ratio of 1:1 or 2.5:1 and placed at
37°C for 10 min. The CD4* T cell-NK cell conjugates were fixed by the addition of equal parts
(vol/vol) of 4% PFA (Sigma-Aldrich) in PBS, and the conjugates were analyzed by flow cytometry as
described previously (51).

For anti-ICAM-1 and anti-ICAM-3 blocking experiments, primary CD4* T cells were pretreated with
either anti-ICAM-1 or anti-ICAM-3 blocking Abs or an isotype control at 10 ug/ml for 1 h at 4°C prior to
mixing with NK-like YTS cells at an E:T ratio of 3:1 for 15 min at 37°C. The cells were then fixed in 2% PFA,
and flow cytometry was carried out as described above.

NK cell-specific lysis assay. Primary CD4* T cells were infected with VSV-G* GFP-marked WT, AVpu,
or S52/S56D Vpu NL4.3 at an MOI of 1. Autologous NK cells were labeled with Vybrant DiD dye
(ThermoFisher). Forty-eight hours postinfection, the cells were pretreated with mouse anti-ICAM-1
blocking Abs or isotype control Abs at 10 wg/ml for 1 h at 4°C and then mixed or not with autologous
NK cells at an E:T ratio of 3:1 for 5 h in the presence of 200 U/ml of IL-2. The cells were then fixed in 2%
PFA and analyzed by flow cytometry. The percent specific lysis of GFP-marked infected cells was
calculated by enumerating the change in DiD~ GFP* cell numbers in the presence or absence of NK cells:
(100 X [percent GFP* of DiD~ cells without NK cell coculture] — [percent GFP* of DiD~ cells with 5 h
of NK cell coculturel/[percent GFP* of DiD~ cells without NK cell coculture]).

Statistical analysis. Student’s t tests were used to compare individual conditions for statistically
significant differences.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
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